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Based on the weakly-coupled spontaneous CP-violation two-Higgs-doublet model
(named Lee model) and the mechanism to generate the correlation between smallness
of CP-violation and lightness of scalar mass, as we proposed earlier, we predicted
a light CP-mixing scalar η in which pseudoscalar component is dominant. It is a
natural scenario in which mη ∼ O(10GeV)  v. It means new physics might be
hidden below the electro-weak scale v. Masses of all other scalars (h, H, H±) should
be around the electro-weak scale v. Among them, the 125 GeV Higgs boson (h)
couplings are standard-model like, and the charged Higgs boson (H±) mass should
be around the heaviest neutral scalar (H) mass. We discussed all experimental
constraints and showed that this scenario is still allowed by data. The strictest
constraints come from the flavor violation experiments and the EDM of electron
and neutron. We also discussed the future tests for this scenario. It is possible to
discover the extra scalars or exclude this scenario at future colliders, especially at
the LHC and e+e− colliders with O(ab−1) luminosity. We also pointed out that
the Z-mediated Higgs pair production via e+e− → hihj (hi, hj stand for two of the
η, h,H) would be the key observable to confirm or exclude CP-violation in Higgs
sector. The sensitivity to test this scenario is worth further studying in detail.
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2I. INTRODUCTION
The realization of electro-weak symmetry breaking and CP-violation are two important
topics both in the standard model (SM) and beyond the standard model (BSM). It is also
attractive to relate them with each other. In our previous work [1], we proposed the cor-
relation between lightness of Higgs boson and smallness of CP-violation. In this paper, we
will continue to explore an alternative natural scenario and its phenomenology.
In 1964, the Higgs mechanism [2] was proposed. In the Higgs mechanism, a scalar doublet
with nontrivial vacuum expectation value (VEV) was introduced to break the electro-weak
gauge symmetry spontaneously. After spontaneous gauge symmetry breaking in the SM,
there exists a scalar named the Higgs boson 1. In July 2012, both ATLAS [4] and CMS
[5] collaborations at LHC discovered a new boson with its mass around 125 GeV [6]. The
subsequent measurements by CMS and ATLAS [7–9] on its signal strengths showed that
the scalar behaves similarly with SM Higgs boson. However there is still spacious room
for the BSM. In some BSM models, there exist new light particles which may appear in
the final states during Higgs decay processes. For example, in the next-to-minimal super-
symmetric standard model (NMSSM) [10], the simplest little Higgs model (SLH) [11–13], or
the left-right-twin-Higgs model (LRTH) [14, 15], a light scalar η with its mass of O(10)GeV
will naturally appear. For some cases in 2HDM [16–20], a light scalar η is allowed as well,
though there are strict constraints on them. If mη < mh/2 = 62.5GeV, there would be an
exotic decay channel h → ηη; while if mη < mh −mZ = 34GeV, an exotic decay channel
h→ Zη should also be open. There is no evidence for exotic Higgs decay channels at LHC till
now, the constraints on the exotic Higgs decay branching ratio is set to be Brexo . (20−30)%
[21] if the production rate of the Higgs boson is close to that in SM. The spin-parity property
for Higgs boson is expected to be 0+ in the SM. Experimentally, a pure pseudoscalar state
(0−) is excluded at over 3σ [22–24]. But a mixing state is still allowed, thus the spacious
room for BSM scenarios have not been closed yet.
Theoretically, CP-violation in SM is induced by the Kobayashi and Maskawa (K-M)
mechanism [25] proposed by Kobayashi and Maskawa in 1973. They proved that a nontrivial
1 There may exist more particles in the extension of SM. For example, in the two-Higgs-doublet model
(2HDM) [3] in which two scalar doublets were introduced, there exist five scalars. Two of them are
charged and three of them are neutral.
3phase which leads to CP-violation in quark mixing matrix (called the CKM matrix [25, 26])
would appear if there exist three or more generations of quarks. The CKM matrix is usually
parameterized as the Wolfenstein formalism [27]
VCKM =

1− λ2/2 λ Aλ3(ρ− iη)
−λ 1− λ2/2 Aλ2
Aλ3(1− ρ− iη) −Aλ2 1
+O(λ4). (1)
The Jarlskog invariant J [28] defined as
det
(
i
[
MUM
†
U ,MDM
†
D
])
= 2J
∏
i<j
(
m2Ui −m2Uj
)∏
i<j
(
m2Di −m2Dj
)
(2)
measures the effects of CP-violation where MU(D) is the mass matrix for up (down) type
quarks. J ≈ λ6A2η ≈ 3 × 10−5 [29] means CP-violation in SM is small. Experimentally,
in K- and B-meson systems, several kinds of CP-violation have been discovered [29] which
represent the success of K-M mechanism. While it is still attractive to search for new
sources of CP-violation, not only to search for BSM physics, but also to understand the
matter-antimatter asymmetry in the universe [29, 30]. SM itself cannot provide enough
baryogenesis effects [29–32], but in some extensions of SM, for example, 2HDM with CP-
violation in Higgs sector, it is possible to generate large enough baryogenesis effect [31, 33].
Lee model [34] is a possible way to connect Higgs mechanism and CP-violation with each
other. It was proposed by Lee in 1973 as the first 2HDM. In Lee model, the lagrangian
is required to be CP-conserved, but the VEV of one Higgs doublet can be complex, thus
the CP symmetry is spontaneously broken due to the complex vacuum. In this case, the
neutral scalars are CP-mixing states so that CP-violation effects should occur in the Higgs
sector. All the three neutral scalars should couple to massive gauge bosons with the effective
interaction
LhiV V =
∑
i
ci,V hi
(
2m2W
v
W+µW−µ +
m2Z
v
ZµZµ
)
(3)
where ci,V ≡ ghiV V /ghV V,SM is the ratio between the hiV V coupling strength and that in
SM. c21,V + c
2
2,V + c
2
3,V = 1 due to the mechanism of spontaneous gauge symmetry breaking.
The quantity
K ≡ c1,V c2,V c3,V (4)
measures the CP-violation effects in Higgs sector [3, 35] when the masses of the neutral
4scalars are non-degenerate 2. In our recent paper [1], we proposed the correlation between
lightness of Higgs boson and smallness of CP-violation through small tβsξ in Lee model
3.
While in that paper, we treated the 125 GeV scalar as the lightest one thus it implied a
strong-interacted scenario beyond [36]. However, another natural scenario with a weakly-
interacted scalar in which the heavy scalars have the mass mi ∼ O(v) is also possible where
v = 246GeV is the VEV of the scalar doublet in SM. In this scenario, Lee model would
predict a light scalar η with mass mη  v for the small tβsξ case based on our paper [1]. In
this paper, we will discuss this scenario and its phenomenology.
This paper is organized as follows. In section II we introduce the Lee model and its main
properties. In section III we discuss the constraints for this scenario by recent experiments,
including data from both high and low energy phenomena. In section IV we consider the
predictions and future tests for this scenario. And section V contains our conclusions and
discussions.
II. THE LEE MODEL AND A LIGHT SCALAR
In Lee model [34], the lagrangian is required to be CP-conserved in both scalar and
Yukawa sectors. For the scalar sector,
L = (Dµφ1)†(Dµφ1) + (Dµφ2)†(Dµφ2)− V (φ1, φ2) (5)
in which the scalar potential
V (φ1, φ2) = µ
2
1R11 + µ
2
2R22 + λ1R
2
11 + λ2R11R12
+λ3R11R22 + λ4R
2
12 + λ5R12R22 + λ6R
2
22 + λ7I
2
12. (6)
Here the scalar doublets
φ1 =
 φ+1
v1+R1+iI1√
2
 , φ2 =
 φ+2
v2eiξ+R2+iI2√
2
 (7)
2 If at least two of the scalars have the same mass, we can always perform a field rotation between them to
keep at least one ci,V = 0, thus there would be no CP-violation in Higgs sector.
3 The parameters will be defined next section, or see [1].
5and R(I)ij denotes the real (imaginary) part of φ
†
iφj
4.
√
v21 + v
2
2 = v = 246GeV. The
general Yukawa couplings can be written as
Ly = −Q¯Li((Y1d)ijφ1 + (Y2d)ijφ2)DRj − Q¯Li((Y1u)ijφ˜1 + (Y2u)ijφ˜2)URj, (8)
where all coupling constants should be real and φ˜i ≡ iσ2φ∗i . We choose the Type III [3, 37]
Yukawa couplings because there is no additional discrete symmetry to forbid any term in
(8). It is possible to generate correct fermion mass spectrum and CKM matrix from (8), for
example, see [38, 39].
We should minimize the potential (6). For some parameter choices, there is a nonzero ξ
which means the spontaneous CP- violation 5. If v1, v2, ξ 6= 0, we have
µ21 = −λ1v21 −
λ3 + λ7
2
v22 −
λ2
2
v1v2 cos ξ; (9)
µ22 = −
λ3 + λ7
2
v21 − λ6v22 −
λ5
2
v1v2 cos ξ; (10)
0 =
λ2
2
v21 +
λ5
2
v22 + (λ4 − λ7)v1v2 cos ξ. (11)
|λ2v21 + λ5v22| < 2|λ4 − λ7|v1v2 is required to keep ξ 6= 0. Define sα ≡ sinα, cα ≡ cosα, tα ≡
tanα in the following parts of this paper, and tβ ≡ v2/v1 is the ratio of the VEVs for scalar
doublets. The vacuum stability conditions can be found in [3] or Appendix. A in [1]. The
Goldstone fields can be written as
G± = cβφ±1 + e
∓iξsβφ±2 ; (12)
G0 = cβI1 + sβcξI2 − sβsξR2. (13)
The charged Higgs field is orthogonal to the corresponding charged Goldstone field as
H± = −e±iξsβφ±1 + cβφ±2 (14)
with the mass square
m2± = −
λ7
2
v2. (15)
4 We can always perform a rotation between φ1 and φ2 to keep the term proportional to R12 vanish.
5 We can always perform a global phase redefinition for φ1 and φ2 to keep one of the VEVs real, just like
the case in (7).
6The symmetric mass matrix m˜ for neutral scalars is written as [1]
(λ4 − λ7)s2ξ −((λ4 − λ7)sβcξ + λ2cβ)sξ −((λ4 − λ7)cβcξ + λ5sβ)sξ
4λ1c
2
β + λ2s2βcξ + (λ4 − λ7)s2βc2ξ
((λ3 + λ7) + (λ4 − λ7)c2ξ/2)s2β
+λ2c
2
βcξ + λ5s
2
βcξ
(λ4 − λ7)c2βc2ξ
+λ5s2βcξ + 4λ6s
2
β

(16)
in the basis (−sβI1+cβcξI2−cβsξR2, R1, sξI2+cξR2)T in unit of v2/2. To solve the eigenvalue
equation with perturbation method 6, we should expand m˜ in powers of (tβsξ) in small tβ
limit as
m˜ = m˜0 + (tβsξ)m˜1 + (tβsξ)
2m˜2 + . . . (17)
For the two heavy scalars, we have [1]
m2h,H =
v2
2
(
(m˜0)22(33) +O(tβsξ)
)
(18)
where
(m˜0)22(33) =
4λ1 + λ4 − λ7
2
∓
(
4λ1 − (λ4 − λ7)
2
c2θ + λ2s2θ
)
. (19)
Here θ = (1/2) arctan(2λ2/(4λ1 − λ4 + λ7)) labels the mixing angle of the real parts of the
two scalar doublets. The scalar fields h
H
 =
 cθ sθ
−sθ cθ
 R1
R2
+O(tβsξ). (20)
We treat the lighter one as mh =
√
(m˜0)22/2v = 125GeV. Different from the scenario in
[1], in this paper, the dominant component for the 125 GeV scalar should be CP-even thus
there exists SM limit for its couplings. While for the lightest scalar η, to the leading order
6 For the calculations in details, please see the Appendix.B in our recent paper [1], with the same conventions
as those in this paper.
7of (tβsξ), we have
m2η =
v2t2βs
2
ξ
2
(
(m˜2)11 − (m˜1)
2
12
(m˜0)22
− (m˜1)
2
13
(m˜0)33
)
=
v2t2βs
2
ξ
2
[
4λ6 + 2λ5(λ3 + λ7)s2θ
(
1
(m˜0)22
− 1
(m˜0)33
)
−4(λ3 + λ7)2
(
c2θ
(m˜0)22
+
s2θ
(m˜0)33
)
− λ25
(
s2θ
(m˜0)22
+
c2θ
(m˜0)33
)]
; (21)
η = I2 − tβsξ
(
(m˜1)12
(m˜0)22
(cθR1 + sθR2) +
(m˜1)13
(m˜0)33
(cθR2 − sθR1) + I1
tξ
)
= I2 − tβsξ
[(
2(λ3 + λ7)
(
c2θ
(m˜0)22
+
s2θ
(m˜0)33
)
+
λ5s2θ
2
(
1
(m˜0)22
− 1
(m˜0)33
))
R1
+
(
(λ3 + λ7)s2θ
(
1
(m˜0)22
− 1
(m˜0)33
)
+ λ5
(
s2θ
(m˜0)22
+
c2θ
(m˜0)33
))
R2 +
I1
tξ
]
. (22)
Thus in the limit tβsξ → 0, we have mη ∝ tβsξ → 0 and η → I2, which mean that η behaves
like a light pseudoscalar but it has small CP-even component.
We can diagonalize the fermion mass matrixes as
VU,LMUV
†
U,R =

mu 0 0
0 mc 0
0 0 mt
 , VD,LMDV †D,R =

md 0 0
0 ms 0
0 0 mb
 (23)
in which according to (8), the mass matrixes are
(MU)ij =
v√
2
(
(Y1u)ijcβ + (Y2u)ijsβe
−iξ) , (MD)ij = v√
2
(
(Y1d)ijcβ + (Y2d)ijsβe
iξ
)
. (24)
The CKM matrix VCKM = VU,LV
†
D,L as usual. We can rewrite the Yukawa couplings (8) in
quark sector as following adopting the Cheng-Sher ansatz [40]
L′Yuk,Q = −
∑
f=Ui,Di
mf f¯LfR
(
1 +
cβR1 + sβcξR2 + sβsξI2
v
)
−
∑
i,j
ξUij
√
mUi m
U
j
v
U¯i,LUj,R ((cβR2 − sβcξR1 + sβsξI1)− i(cβI2 − sβcξI1 − sβsξR1))
−
∑
i,j
ξDij
√
mDi m
D
j
v
D¯i,LDj,R ((cβR2 − sβcξR1 + sβsξI1) + i(cβI2 − sβcξI1 − sβsξR1))
−
∑
i,j
√
2mDi m
D
j
v
U¯i,L
(
VCKM · ξD
)
ij
Dj,RH
+
−
∑
i,j
√
2mUi m
U
j
v
D¯i,L
(
V †CKM · ξU
)
ij
Uj,RH
− + h.c. (25)
8Similarly in the lepton sector
L′Yuk,` = −
∑
`
m` ¯`L`R
(
1 +
cβR1 + sβcξR2 + sβsξI2
v
)
−
∑
i,j
ξ`ij
√
m`im
`
j
v
¯`
i,L`j,R ((cβR2 − sβcξR1 + sβsξI1) + i(cβI2 − sβcξI1 − sβsξR1))
−
∑
i,j
√
2m`im
`
j
v
ν¯i,L
(
VPMNS · ξ`
)
ij
`j,RH
+ + h.c. (26)
Here VPMNS is the lepton mixing matrix [41] and
ξUij = (VU,L)ik
(−sβeiξ(Y1u)kl + cβ(Y2u)kl) (V †U,R)lj; (27)
ξ
D(`)
ij = (VD(`),L)ik
(−sβe−iξ(Y1d(`))kl + cβ(Y2d(`))kl) (V †D(`),R)lj. (28)
The off-diagonal elements of ξU,D,`ij induce the flavor changing processes at tree level. It was
proved in [1] that in the tβsξ → 0 limit, all the four quantities mη, cη,V , K, J ∝ tβsξ which
means the correlation between the lightest scalar and smallness of CP-violation.
In the scenario we discuss in this paper, there can be exotic Higgs decay channels h →
ηη, Zη induced by
Lexo = chηg
2cW
(h∂µη − η∂µh)Zµ − 1
2
ghηηvhη
2. (29)
It leads to the branching ratios
Br(h→ Zη) = g
2c2hηm
3
h
64pim2WΓh,tot
F
(
m2Z
m2h
,
m2η
m2h
)
; (30)
Br(h→ ηη) = g
2
hηηv
2
32pimhΓh,tot
√
1− 4m
2
η
m2h
(31)
where F(x, y) = (1 + x2 + y2 − 2x − 2y − 2xy)3/2, g is the weak coupling constant and
cW ≡ mW/mZ . For the detail couplings, please see section A in appendices, in which all
ch,f are defined as the ratio between Higgs-ff¯ couplings and those in SM.
III. CONSTRAINTS FOR THIS SCENARIO BY RECENT DATA
Besides the 125 GeV Higgs boson (h), there are two extra neutral scalars and one of
which is expected to be light in this scenario. For the lightest scalar η with its mass mη ∼
O(0.1 − 1)GeV, the BESIII [42], BaBar [43, 44] and CMS [45] experiments gave strict
9constraints thus we will focus on the cases mη ∼ O(10)GeV. Type II 2HDM including a
light scalar with mass (25 − 80)GeV is excluded [46] through the search for ηbb¯ associated
production. While for a general case it is still allowed by collider data, as we will show
below. The two extra scalars would face the constraints from the direct searches at LEP
and LHC. In this scenario of Lee model, with a light particle η, the exotic decay channels
h → ηη, Zη will modify the total width and signal strengths for the 125 GeV Higgs boson
that we should also consider the constraints from Higgs signal strengths.
In Lee model, there is no additional discrete symmetry to forbid flavor changing pro-
cesses at tree level, and there are also new origins for CP-violation. Thus it must face the
constraints in flavor physics, including rare decays, meson mixing, etc. The electric dipole
moments (EDM) for electron [47] and neutron [48] would also give strict constraints in many
models with additional CP-violation source [49] including Lee model, so we must consider
the EDM constraints here as well.
A. Direct Searches for Extra Scalars
The LEP experiments [50–52] set strict constraints on this scenario through the e+e− →
Zη and e+e− → hη associated production processes. For η with its mass (15 − 40)GeV,
[50, 51] gave σZη/σSM . (1.5− 4)× 10−2 at 95% C.L. which meant
cη,V . (0.12− 0.2) (32)
thus tβsξ . 0.1 in this scenario. At the same mass region for η, assuming both η and h decay
to bb¯ final states dominantly, [51, 52] gave c2hη . (0.2−0.3). According to (A.15), cH,V = chη
thus cH,V should also be small. The results implied that ch,V ∼ 1 thus the couplings of h
should be SM-like.
The direct searches for a heavy Higgs boson at LHC [53, 54] excluded a SM Higgs boson
in the mass region (145− 1000)GeV at 95% C.L. A SM Higgs boson with its mass around v
would decay to WW and ZZ final states dominantly with Br(HSM → V V ) ≈ 1 [55], while
in 2HDM it can be modified because of a suppressed HV V coupling and the existence of
other decay channels like H → Zη, ηη, hη, and Zh (if mH > mZ + mh = 216GeV), hh (if
mH > 2mh = 250GeV), H
+H− (if mH > 2m±). For a heavy scalar H, analytically the
10
partial widths should be
ΓH(V V ) ≈ c2H,V ΓH,SM; (33)
ΓH(ηη) =
g2Hηηv
2
32pimH
√
1− 4m
2
η
m2H
; (34)
ΓH(Zη) =
c2h,Vm
3
H
8piv2
F
(
m2η
m2H
,
m2Z
m2H
)
. (35)
The suppression in ΓH(V V ) comes from small cH,V while ΓH(Zη) ∝ c2h,V is not suppressed
because h is SM-like and ch,V ∼ 1. According to CMS results [53] which gave the most strict
constraint, for mH ∼ (200− 300)GeV, the 95% C.L. upper limit for the signal strength is 7
µH ≡ σH
σH,SM
· Br(H → V V )
BrSM(H → V V ) . (0.1− 0.2). (36)
Numerically, we show the Br(H → V V ) −mH plots for different parameter choices fixing
cη,V = 0.1 in Figure 1. From the figures, we can see that if the production cross section
FIG. 1: Br(H → V V ) − mH plots for different parameter choices fixing cη,V = 0.1. The green,
yellow, blue, and red lines stand for cH,V = 0.2, 0.3, 0.4, 0.5 respectively in each figure. The upper
figures are for mη = 20GeV while the lower figures are for mη = 40GeV. In each line, from left to
right, we take gHηη = 0, 0.5, 1.
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σH ∼ σH,SM, cH,V . 0.3 would be allowed; while if σH ∼ 0.5σH,SM, cH,V . 0.4 would
also be allowed. It is not sensitive to mη. We did not consider the H → hh channel
for mH > 2mh = 250GeV in the discussions above. Numerically, for gHhh ∼ 1, we have
Br(H → hh) . 0.1 which leads to σ(pp → H → hh) . 0.4pb [55]. For this case, the direct
7 For a heavy Higgs boson, BrSM(H → V V ) ∼ 1 according to [55].
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search for H → hh channel by CMS [56] cannot give further constraint. We don’t consider
the case mH  v here because of the weakly-coupled hypothesis.
No significant evidence for a charged Higgs boson had been found at colliders. Recently
the ATLAS searches through gb → tH−(→ t¯b) process gave constraint on the tbH± vertex
as [57]
|ξtt| . (1.5− 3) (37)
for a charged Higgs boson with mass m± in the region (200 − 600)GeV. In these searches,
some hints for a charged Higgs signal with about 2.4σ significance were also found in this
mass region. As can be seen below, it is consistent with this scenario.
B. Global-fits for Higgs Signal Strengths
The Higgs signal strength for a channel which exists in SM is defined as
µi,f ≡ σ · Br
(σ · Br)SM =
σi
σi,SM
· Γh(f)
Γh,SM(f)
· Γh,tot,SM
Γh,tot
. (38)
The SM Higgs boson with its mass mh = 125GeV has a total width Γh,tot,SM = 4.1MeV [55].
In this scenario, Γh,tot is also modified by the exotic decay channels h → Zη, ηη. Here for
VBF or V h associated production channel, σ/σSM = c
2
h,V ; while for gluon fusion production,
σ
σSM
=
∣∣∣∣Re(ch,t) + iB1/2(xt)A1/2(xt)Im(ch,t)
∣∣∣∣2 . (39)
For the decay channels h → WW ∗ and ZZ∗, we have Γh(V V )/Γh,SM(V V ) = c2h,V ; for
h→ bb¯, cc¯ and τ+τ−, Γh(f)/Γh,SM(f) = |ch,f |2; while for the loop induced decay processes,
Γh(gg)
Γh,SM(gg)
=
∣∣∣∣Re(ch,t) + iB1/2(xt)A1/2(xt)Im(ch,t)
∣∣∣∣2 ; (40)
Γh(γγ)
Γh,SM(γγ)
=
∣∣∣∣∣∣
ch,VA1(xW ) + 43Re(ch,t)A1/2(xt) +
(
gh,±v2
2m2±
)
A0(x±) + 43 iIm(ch,t)B1/2(xt)
A1(xW ) + 43A1/2(xt)
∣∣∣∣∣∣
2
.
(41)
Here xi ≡ m2h/4m2i where i denotes the particles t,W or H± in loops. The index j in
A(B)j denotes the spin of the particle in loops, see the Feynman diagrams in Figure 2. The
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FIG. 2: Feynman diagrams for h→ γγ decay in this model.
h
γ
γW t H±
h h
γ
γ
γ
γ
analytical loop integration functions given by [58, 59] are listed in section B as (B.1)-(B.5).
According to [55],
Γh,tot = Γh,tot,SM
(
0.58|ch,b|2 + 0.24c2h,V + 0.06|ch,τ |2 + 0.03|ch,c|2
+0.09|ch,t|2(1 + 1.31 sin2 αt)
)
+ Γh,exo (42)
where Γh,tot,SM = 4.1MeV for mh = 125GeV. αt ≡ arg(ch,t) and Γh,exo is the exotic decay
width. Define
χ2 ≡
∑
i,f
(
µi,f,obs − µi,f,pre
σi,f
)2
(43)
ignoring the correlations between different channels. µi,f,obs(pre) means the observed (pre-
dicted) signal strength for production channel i and decay final state f and σi,f means the
standard deviation of the signal strength measurement for the corresponding channel. Nu-
merically, the fitting results are not sensitive to the charged Higgs contribution in h → γγ
channel.
According to (A.21), in this scenario, ch,f ∼ 1 holds for all fermions since h contains large
component of R1. Thus for all ch,f , the modifications from 1 are suppressed by tβ. We also
have ch,V ∼ 1 in the text above. Thus for any channel, according to (38)
µi,f,pre =
σi
σi,SM
· Γh(f)
Γh,SM(f)
· Γh,tot,SM
Γh,tot
∼ Γh,tot,SM
Γh,tot
, (44)
which means the signal strengths are mainly modified by the exotic decay width Γexo. Nu-
merically Γexo . (1 − 2)MeV is still allowed for other couplings close to those in SM. For
mη < mh/2, h→ ηη channel is available. And according to (31), we have
ghηη . O(10−2) (45)
which means a strong correlation among λi in Higgs potential. To the leading order ,
ghηη = (λ3 + λ7)cθ +
1
2
λ5sθ +O(tβsξ), (46)
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which gives λ3 + λ7 ' −λ5tθ/2 + O(tβsξ). While for mη < mh − mZ , h → Zη channel is
open, (30) gave
cH,V = chη . O(10−2 − 10−1). (47)
For mη ∼ (15− 30)GeV, chη = 0.05 is till allowed.
According to the direct searches for heavy neutral Higgs boson H, we can see that cH,V =
0.3 is in the allowed region for almost all cases. While according to the bounds from Higgs
signal strengths, we can see for mη < mh−mZ = 34GeV, there would be further constraint
on cH,V from h→ Zη rare decay channel. In this case, cH,V = 0.05 would be allowed. Thus
we have two groups of typical benchmark points as listed in Table I. We choose mη = 20GeV
and 40GeV as the two typical cases.
TABLE I: Benchmark points in scalar sector for the following parts of this paper. The first line is
a typical choice for the case h→ Zη decay allowed; while the second line is a typical choice for the
case h→ Zη decay forbidden.
Case mη mH ch,f cη,V cH,V ch,V tβsξ
I 20 GeV ∼ v ∼ 1 0.1 0.05 0.994 ∼ 0.1
II 40 GeV ∼ v ∼ 1 0.1 0.3 0.95 ∼ 0.1
C. Constraints from Oblique Parameters
The GFitter group gave updated electro-weak fitting results [60] for oblique parameters
[61] as
S = 0.05± 0.11, T = 0.09± 0.13, U = 0.01± 0.11,
RST = +0.90, RSU = −0.59, RTU = −0.83;
(48)
where R means the correlation between two variables. Here U is also treated as a free
variable and the reference points are taken as mh,ref = 125GeV, mt,ref = 173GeV. In 2HDM,
U is expected to be ignorable thus we can fix U = 0 and get [60]
S = 0.06± 0.09, T = 0.10± 0.07, R = +0.91. (49)
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In 2HDM, the contribution to δS and δT [3, 62, 63] are
δS =
1
24pi
[
(1− 2s2W )2G(z±, z±) + c21G(z2, z3) + c22G(z3, z1) + c23G(z1, z2)
+
3∑
i=1
(
c2iH(zi) + ln
(
m2i
m2H±
))
−H
(
m2h,ref
m2Z
)
− ln
(
m2h,ref
m2H±
)]
; (50)
δT =
1
16pis2Wm
2
W
[ 3∑
i=1
(1− c2i )F (m2H± ,m2i )− c21F (m22,m23)− c22F (m33,m21)− c23F (m21,m22)
+3
3∑
i=1
c2i (F (m
2
Z ,m
2
i )− F (m2W ,m2i ))− 3(F (m2Z ,m2h,ref)− F (m2W ,m2h,ref))
]
. (51)
The arguments above are defined as zi ≡ (mi/mZ)2 and z± ≡ (m±/mZ)2. The analytical
loop integration functions given by [3, 62, 63] are listed in section B as (B.6)-(B.9).
We perform the fitting process based on the mathematica code [64] 8 with the benchmark
points in Table I. We plot the curves using the charged Higgs mass m± as a parameter
in Figure 3. Direct searches by LEP gave constraints on charged Higgs boson mass as
m± > 78.6GeV [65] at 95% C.L. so that we begin from m± = 80GeV. The thick regions in
the curves stands for allowed regions by oblique parameter constrains for both benchmark
points. For both cases in Table I, we list the allowed m± in Table II. For all the cases,
TABLE II: Allowed regions for m± for each case above.
mH (GeV) 200 250 300
Allowed m± for Case I (GeV) 190− 231 242− 277 293− 323
Allowed m± for Case II (GeV) 185− 228 232− 269 279− 311
allowed m± are around the heavy neutral Higgs mass mH , as the scenario discussed by
[16, 66]. For mH around the electro-weak scale v, a charged Higgs boson should also have its
mass around that scale. A light charged Higgs boson (with its mass m± < mt) is disfavored
here thus we don’t consider the constraints from the rare decay process t→ H+b.
8 The second χ2 (for 95% C.L.) should be 6.0 according to [29].
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FIG. 3: Oblique parameter constraints for the scenario we discussed in this paper. The green
region is 68% C.L. allowed and the yellow region is 95% C.L. allowed. The left figure is for Case
I while the right figure is for Case II in Table I. We plot the curves with a parameter m±. In
each curve, we begin with m± = 80GeV. In both figures, the curves from left to right are for
mH = (200, 250, 300)GeV respectively. For the allowed regions in the curves, we made them thick
and black, please see the allowed regions in Table II in details.
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D. Constraints from Meson Mixing Data
The neutral mesons K0, D0, B0, and B0s should mix with their anti-particles through
W± mediated box diagrams in the SM. Thus a nontrivial contribution to 〈M¯0|H|M0〉 leads
to the mass splitting effect between different CP eigenstates for meson 9. Here we list the
experimental data [29, 67] and SM predictions [68–71] 10 for meson mixing in Table III where
the decay constants and bag parameters are from lattice data [72].
TABLE III: Experimental data and SM predictions for mass splitting effects in meson mixing.
9 In fact in the real world, CP is not a good symmetry thus a mass eigenstate is modified a little from a
CP eigenstate. See the details for this formalism in section C.
10 No SM prediction results for ∆mD appears because the dominant contribution comes from long-distance
interactions thus it is difficult to calculate.
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Meson ∆mexp (GeV) ∆mSM (GeV)
K0(ds¯) (3.483± 0.006)× 10−15 (3.30± 0.34)× 10−15
D0(cu¯) (5.9± 2.6)× 10−15 −
B0d(db¯) (3.36± 0.02)× 10−13 (3.57± 0.60)× 10−13
B0s (sb¯) (1.1686± 0.0014)× 10−11 (1.14± 0.17)× 10−11
In general, we can parameterize the off-diagonal element in mass matrix as [73, 74]
m12,M ≡ 1
2mM
〈M¯0|H|M0〉 = mSM12,M(1 + ∆Me2iδM ) (52)
where the factor (2mM)
−1 comes from the normalization condition. In SM we must have
∆M = δM = 0. In B
0(B0s ) system, ∆mB(Bs) = 2|m12,B(Bs)|; while in K0 system, ∆mK =
2Re (m12,K). A nonzero δM would also modify the CP-violation effects from those in SM.
In Lee model, the additional contributions to m12,M are shown in Figure 4. The neutral
FIG. 4: Additional Feynman diagrams contributed to m12,M in Lee model.
f1
f¯2
f¯1
f2
φ
c
u¯
u
c¯
φ
b
d¯(s¯)
d(s)
b¯
H±
scalars φ = η, h,H in the diagrams.
First, consider the left diagram in Figure 4 which induce the mixing directly at tree level.
It can contribute to the mixing of all the four kinds of mesons. The dominant contribution
must come from η because it is light and its flavor changing couplings are not suppressed by
tβsξ or sθ. The tree level η induced contribution for M
0(fif¯j)− M¯0(fj f¯i) mixing is [75, 76]
mη,tree12,M =
f 2MBMmMmimj
12m2ηv
2
[(
1 +
6m2M
(mi +mj)2
)
cη,ijc
∗
η,ji −
5m2M
2(mi +mj)2
(
c2η,ij + c
∗2
η,ji
)]
.
(53)
Here fM and BM are the decay constant and bag parameter for meson M
0 separately.
According to (A.23), cη,ij = ±ξij (1 +O(tβsξ)). With the experimental constraints in [74,
77], for different δB(Bs), ∆B(Bs) . (0.1− 0.4) at 95% C.L. Assuming |ξij| ∼ |ξji|, numerically
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for mη ∼ (20− 40)GeV, we have
|ξbd(db)| . (0.7− 3)× 10−2, |ξbs(sb)| . (0.9− 2.5)× 10−2. (54)
Similarly, |ξsd(ds)| . (0.8 − 1.7) × 10−2 for K0 − K¯0 mixing from [74]. While for D0 − D¯0
mixing, we have |ξcu(uc)| . (1.7−3.4)×10−2. For all the four types of mixing, the constraints
on ξij are of O(10−2).
Next, consider the middle diagram in Figure 4 which can induce a D0−D¯0 mixing through
top quark and a scalar mediated in the box. Assuming |ξtu(c)| ∼ |ξu(c)t|, its contribution to
∆mD is [78]
∆mη,boxD ≈
mumc|ξtuξtc|2
24pi2v4
f 2DmDBDrF0
(
m2t
m2η
)
(55)
where r = (αs(mt)/αs(mb))
6/23(αs(mb)/αs(mc))
6/25 = 0.8 describes the QCD effects and
loop function F0(x) [78] is listed as (B.10) in section B in the appendices. Assuming its
contribution is less than the complete ∆mD, numerically we have
|ξtuξtc| . 6 (56)
for a η with its mass (20− 40)GeV.
Last, consider the right diagram in Figure 4 which induce B0(B0s ) − B¯0(B¯0s ) mixing
through the box diagram in which one or two W± should be replaced by H± comparing
with the case in SM. This kind of diagrams are highly suppressed in K0 − K¯0 mixing. In
neutral B sector, the contributions from W± − H± box and H± box can be estimated as
[79]
∆B(Bs)e
iδB(Bs) = ξ2tt ·
F1(m2t/m2W ,m2t/m2±,m2±/m2W ) + ξ2ttF0(m2t/m2±)
F2(m2t/m2W )
. (57)
The loop functions Fi [79] are listed as (B.10)-(B.12) in section B in the appendices, and
F0 is the same as that in the box diagram for D0 − D¯0 mixing in (55). It is sensitive only
to ξtt because the other terms are suppressed by the mass of down type quarks. The S-T
parameter fits favor a charged Higgs boson with mass m± ∼ mH ∼ v (see also Table II), so
numerically we have
|ξtt| . (0.6− 0.9) (58)
using the B0(B0s ) − B¯0(B¯0s ) mixing constraints [74, 77]. This bound is stricter than that
from the direct searches for a charged Higgs boson in (37).
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E. LHC Constraints on Top Quark Flavor Violation
The φtq (where q = c, u and φ = η, h) direct interactions in (A.23) and (A.24) would
induce t→ φq rare decay processes. The partial widths can be given by
Γ(t→ φq) = m
2
tmq(|cφ,tq|2 + |cφ,qt|2)
32piv2
(
1− m
2
φ
m2t
)2
. (59)
For φ = η, we have cη,ij = iξij + O(tβsξ) ∼ iξij; while for φ = h, if mη < 34GeV, ch,ij ∼
−itβsξξij ∼ −0.1iξij with tβsξ ∼ 0.1; else ch,ij ∼ (−0.1i +O(0.1))ξij. For the latter case,
|ch,ij| ∼ (0.1− 0.3)|ξij|. (60)
All the numerical estimations above are based on (A.23) and (A.24) etc. in section A. The
combined experimental result by ATLAS [80] gave
Br(t→ hc) < 0.46% and Br(t→ hu) < 0.45% (61)
respectively at 95% C.L. Assuming |ξij| ∼ |ξji| as usual, we have
|ξtu| . (1− 3)× 102 and |ξtc| . (5− 14) (62)
using the SM predicted top quark total width Γt,tot ≈ 1.3GeV [29, 81].
It is difficult to search for t → ηq rare decay since η decays to jets dominantly, but
we can obtain the constraints through the exotic decay branching ratio of top quark. The
tt¯ production cross section measurements at LHC with
√
s = 8TeV gave σtt¯ = (237 ±
13)pb [82] assuming mt = 173GeV and Br(t → Wb) = 1, which is consistent with the SM
prediction σtt¯,SM = (246
+9
−11)pb [83]. Thus we have for the top exotic decay channels that
Γ(t → exotic)/Γ(t → Wb) < 8% at 95% C.L. In this scenario, Br(t → ηq)/Br(t → hq) ∼
O(10− 102), thus t→ hq is ignorable in this paragraph. With these data, we have
2× 10−4|ξtu|2 + 0.1|ξtc|2 . 1 (63)
for mη ∼ (20− 40)GeV.
The last constraint comes from same sign top production. The 95% C.L. upper limit
given by CMS [84] is σtt < 0.37pb. Theoretically, η mediated uu→ tt process would be the
dominant production channel in this scenario. The cross section can be expressed as
σ(uu→ tt) =
∫
dx1dx2fu(x1)fu(x2)σ(s0) (64)
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where fu(x) is the parton distribution function (PDF) for up quark and
σ(s0) =
m2um
2
tβt(|ξtu|2 + |ξut|2)2
64pis0v4
∫ 1
−1
dcθ
[(
1− βtcθ
1 + β2t + 4m
2
η/s0 − 2βtcθ
)2
(
1 + βtcθ
1 + β2t + 4m
2
η/s0 + 2βtcθ
)2
− 1 + β
2
t (c
2
θ − 2)
(1 + β2t + 4m
2
η/s0)
2 − 4β2t c2θ
]
. (65)
Here s0 ≡ x1x2sLHC is the square of energy in the moment center frame of two partons;
βt ≡
√
1− 4m2t/s0 is the velocity of top quark and θ is the azimuth angle of top quark in
respect to the beam line. Numerically, for mη ∼ (20 − 40)GeV, assuming |ξtu| ∼ |ξut| and
using the MSTW2008 PDF [85], we have
|ξtu| . 102. (66)
Combining the equations (56), (62), (63), and (66), we plot the estimations of allowed
region in the |ξtu| − |ξtc| plane in Figure 5. The strictest upper limit |ξtc| . 3 and |ξtu| . 70
comes from (63), and the obvious behavior of the correlation between |ξtc| and |ξtu| comes
from (56). The boundary contains relative errors of O(10%) and it is not sensitive to mη
for mη ∼ (20− 40)GeV.
FIG. 5: Allowed region for top flavor changing couplings. Notice in the right figure we used
double-log coordinates to show a very large region.
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F. Constraints on Lepton Flavor Violation
In type III 2HDM [37] there exist direct `i`jφ vertices to be constrained. For the discov-
ered 125 GeV Higgs boson, a straightforward calculation gives [86]
Br(h→ `±i `∓j ) =
mhmimj
8piΓhv2
(|ch,ij|2 + |ch,ji|2) . (67)
For h → µτ process, direct searches by CMS [86] and ATLAS [87] collaborations gave
Br(h → µτ) < 1.51% and Br(h → µτ) < 1.85% respectively, both at 95% C.L. 11 In
this scenario, |ch,ij| is suppressed to be (0.1 − 0.3)|ξij| for mη ∼ (20 − 40)GeV, assuming
|ch,ij| ∼ |ch,ji|, we have the bound
|ξµτ | . (5− 16). (68)
Another kind of strict constraints on `i`jφ vertices come from radiative LFV decays as
τ → µγ and µ → eγ. For τ → µ(e)γ, Belle and BaBar collaborations gave the 90% C.L.
upper limit as [88, 89]
Br(τ → µγ) < 4.5× 10−8, Br(τ → eγ) < 1.2× 10−7 (Belle); (69)
Br(τ → µγ) < 4.4× 10−8, Br(τ → eγ) < 3.3× 10−8 (BaBar). (70)
While for µ→ eγ, the MEG collaboration gave [90]
Br(µ→ eγ) < 5.7× 10−13 (71)
at 90% C.L. In SM, the branching ratios of `i → `jγ processes are estimated to be of
O(10−56−10−54) [29, 91, 92] which are far below the experimental sensitivity. But in 2HDM
with LFV, it can be larger or even comparable to recent data. In this model, `i → `jγ
process can be generated by Feynman diagrams in Figure 6 and the branching ratios can be
expressed as [93]
Br(`i → `jγ)
Br(`i → `jνiν¯j) =
48pi3α
G2F
(|AL|2 + |AR|2) (72)
where AL(R) are defined through [94, 95]
M(`i → `jγ) = emiu¯j(pj)iσµνqν(ALPL + ARPR)ui(pi)∗µ(q) (73)
11 Especially for h → µτ signal, the CMS result gave a 2.4σ hint corresponding to the best-fit branching
ratio Br(h→ µτ) = (0.84+0.39−0.37)% [86].
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FIG. 6: Feynman diagrams contributed to radiative LFV decays `i → `jγ.
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in which PL(R) ≡ (1∓γ5)/2 and q is the momentum of photon. According to Figure 6, there
are one-loop and two-loop contributions to these processes where the two-loop diagrams
are called Barr-Zee type diagrams [96] 12. For τ → µ(e)γ, The analytical expression for
left-handed (right-handed) amplitude should be [92–95, 97, 98] 13
A∗L(AR) = A
∗
L,one-loop(AR,one-loop) + A
∗
L,two-loop(AR,two-loop)
=
∑
φ
√
mimjcφ,ij(cφ,ji)
16pi2v2
(
mi
m2h
(
cφ,i ln
(
m2h
m2i
)
− 4
3
|cφ,i| cos(αφ,i)− 5
3
i|cφ,i| sin(αφ,i)
)
+
cφ,V α
pimi
((
3 +
m2φ
2m2W
)
f
(
m2W
m2φ
)
+
(
23
4
− m
2
φ
2m2W
)
g
(
m2W
m2φ
)
+
3
4
h
(
m2W
m2φ
))
−8α|cφ,t|
3pimi
(
cos(αφ,t)f
(
m2t
m2φ
)
+ i sin(αφ,t)g
(
m2t
m2φ
)))
(74)
where i = τ , j = e, µ, αφ,f ≡ arg(cφ,f ) and the loop integration functions f, g, h [93, 97] are
listed in (B.13)-(B.15) in section B. Numerically the loop contributions with charge Higgs
or Z boson inside are both small, thus we ignore them. While for µ → eγ decay which
means i = µ and j = e, The one-loop contribution should be changed to
A
∗(µ→eγ)
L,one-loop =
√
me
mµ
∑
φ
m2τcφ,τecφ,µτ
16pi2m2φv
2
(
ln
(
m2φ
m2τ
)
− 3
2
)
(75)
because the loop with τ inside is expected to give larger contribution comparing with the µ
12 This kind of two-loop diagrams were first used by Barr and Zee to calculate the electric dipole moments
for fermion in [96] which would also be discussed later.
13 Notice that the analytical formulae for `i → `jγ decay process in these papers are not consistent with
each other. We checked the calculation during finishing our recent paper [92] and confirmed the result by
Omura et. al. [94, 95] is correct.
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case when adopting the Cheng-Sher ansatz [40]. For AR we should take cφ,eτcφ,τµ instead of
cφ,τecφ,µτ in A
∗
L.
Numerically, we take the benchmark points as those in Table I. For mη = 20GeV,
Br(τ → µγ) ' 1.7× 10−10 (|ξτµ|2 + |ξµτ |2) |−5.7ξττ − 5.4ξtt + 1.2i|2 ; (76)
Br(τ → eγ) ' 8.4× 10−13 (|ξτe|2 + |ξeτ |2) |−5.7ξττ − 5.4ξtt + 1.2i|2 . (77)
We used Br(τ → eντ ν¯e) = 17.8% and Br(τ → µντ ν¯µ) = 17.4% [29] in the calculations
above. For a typical case, |ξµ(e)τ | ∼ |ξτµ(e)|, ξtt ∼ 0.6 and ξττ ∼ 1, we have Br(τ → µγ) ∼
3 × 10−8|ξµτ |2, thus the upper limit for |ξµτ | should be around 1. While for Br(τ → eγ) ∼
10−10|ξeτ |2, |ξeτ | ∼ O(10) is still allowed. For mη = 40GeV,
Br(τ → µγ) ' 1.7× 10−10 (|ξτµ|2 + |ξµτ |2) |−2ξττ − 2.5ξtt − 0.3 + i|2 ; (78)
Br(τ → eγ) ' 8.4× 10−13 (|ξτe|2 + |ξeτ |2) |−2ξττ − 2.5ξtt − 0.3 + i|2 . (79)
Choosing the same parameters as above, Br(τ → µγ) ∼ 5×10−9|ξµτ |2 which gives the upper
limit of |ξµτ | to be around 3. While for Br(τ → eγ) ∼ 2 × 10−11|ξeτ |2, |ξeτ | ∼ O(10 − 102)
are allowed. In the discussions above, we assumed real ξtt(ττ). If ξtt(ττ) were complex, some
accidental cancelation would make larger |ξµτ | possible.
For τ → µγ decay, it poses a stricter constraint than that from h → µτ decay in (68)
with mη ∼ (20 − 40)GeV. Different from the cases discussed in [92] in which the 125 GeV
scalar is the lightest one, in this scenario, the one-loop contribution from (20-40) GeV light
scalar would be dominant or at least comparable with the two-loop contributions. At the
same time, hµτ vertex is suppressed by sθ and tβsξ to be of O(0.1). So that in this scenario,
τ → µγ decay gives dominant constraint on the LFV vertex instead of h → µτ decay. For
τ → eγ decay, |ξeτ | is constrained to be less than O(10 − 102) which is still away from the
expected magnitude by Cheng-Sher ansatz.
Numerically, for µ→ eγ decay, choosing typically ξij ∼ ξji, we have
Br(µ→ eγ) = 5.7× 10−9| − ξeτξµτ + ξeµ(−0.9ξtt + 0.2i)|2, (mη = 20GeV); (80)
Br(µ→ eγ) = 5.7× 10−11| − 3.6ξeτξµτ + ξeµ(−7.7ξtt + 1.6i)|2, (mη = 40GeV). (81)
Choosing |ξtt| ∼ 0.6 as usual, the three LFV couplings ξeµ,eτ,µτ are strongly correlated
between each other. The typical upper limit for |ξeµ| and |ξeτξµτ | are both of O(10−2) for
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mη ∼ (20− 40)GeV. For example, fixing ξeτ = 0 (or ξµτ = 0),
|ξeµ| . (1.4− 3.3)× 10−2; (82)
while fixing ξeµ = 0,
|ξeτξµτ | . (1.0− 2.8)× 10−2. (83)
G. Constraints from Electric Dipole Moments
The effective interaction for EDM of a fermion f can be written as [49]
LEDM = − i
2
df f¯σ
µνγ5fFµν (84)
which violates both P and CP symmetries. In SM, the only origin of CP-violation is the
complex CKM matrix [25, 26] thus the EDM for electron and neutron are generated at four-
and three-loop level respectively and they are estimated to be [49]
de ∼ 10−38e · cm, and dn ∼ 10−32e · cm. (85)
They are still far below the experimental upper limits [47, 48]
|de| < 8.7× 10−29e · cm, and |dn| < 2.9× 10−26e · cm, (86)
both at 90% C.L. In BSM with additional origins of CP-violation, the EDM for a fermion
might be generated at one- or two-loop level 14 thus they can be quite larger than those in
SM or even reach the sensitivity of recent data.
FIG. 7: Feynman diagrams contributed to EDM for a fermion f .
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γ γ
f f f f f f f f
γ
14 Non-perturbation effects arising from θ term may also give significant contribution to neutron EDM [99],
but we don’t include that in this paper.
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The EDM for a fermion f can be generated from the Feynman diagrams in Figure 7 if there
exist CP-violation in φff¯ vertices. The two-loop diagrams are called Barr-Zee diagrams
[96]. If there is no CP-violation in flavor-changing vertices, the one loop contributions are
proportional to (mf/v)
3 thus they are usually negligible for light fermions. The dominant
contributions come from Barr-Zee diagram as [96, 100–102]
df
e
=
∑
φ
2
√
2αemGFQfmf |cφ,f |
(4pi)3
(
sinαφ,f (cφ,VJ1(mW ,mφ) + gφ,±J0(m±,mφ))
−8
3
|cφ,t|
(
sinαφ,t cosαφ,fJ1/2(mt,mφ) + cosαφ,t sinαφ,fJ ′1/2(mt,mφ)
))
. (87)
Here Qf is the electric charge for fermion f , αφ,f ≡ arg(cφ,f ), and the φH+H− vertex
gφ,± ≡ (1/v)(∂3V/∂φ∂H+∂H−) is defined in (A.10). The first term comes from W± loop
contribution (the second figure in Figure 7); the second term comes from H± loop contribu-
tion (the last figure in Figure 7) 15; and the last two terms come from top loop contribution
(the third figure in Figure 7). The loop functions Ji [101] are all listed in section B in
(B.16)-(B.19).
For an electron, (87) can fully describe its EDM if we ignore the one-loop contributions.
Numerically, we take the benchmark points as those in Table I and fix |ξtt| = 0.6 as usual.
Precision measurement by [47] requires strong correlation among parameters to generate the
cancelation between different contributions [1, 103]. Define αij ≡ arg(ξij), we show some
allowed regions at 90% C.L. in Figure 8-Figure 11 in αee − αtt plane.
From the figures, We can see for fixing |ξee,tt|, αtt and αee have strong negative correlation.
In Figure 8 and Figure 9 we both choose mη = 20GeV. For |ξee| = 1, the allowed band
is very narrow that ∆α ∼ 10−2; while for |ξee| = 0.3, the allowed band is wider that
∆α ∼ (3 − 4) × 10−2. In Figure 10 and Figure 11 we both choose mη = 40GeV. The
behaviors are the same as the case mη = 20GeV, but the constraints are a bit weaker. For
|ξee| = 1, ∆α ∼ (1−2)×10−2; while for |ξee| = 0.3, ∆α ∼ (5−7)×10−2. The charged Higgs
loops give sub-dominant contributions, thus the final results are not sensitive to φH+H−
couplings. The location of the allowed regions would shift a little bit for different choices of
φH+H− couplings.
15 Numerically the charged Higgs contribution is small comparing with W± or top contributions as usual,
but it may be comparable with experimental data especially for electron, so it’s not negligible like that in
radiative LFV decay calculations.
25
FIG. 8: Constraints in αee−αtt plane by electron EDM. Fix mη = 20GeV, |ξtt| = 0.6, and ξee = 1.
Yellow regions are allowed at 90% C.L, the same till Figure 11.
-0.04 -0.02 0.02 0.04
Αee
0.20
0.22
0.24
0.26
Αtt
0.18 0.20 0.22 0.24 0.26
Αee
-0.04
-0.02
0.02
0.04
Αtt
FIG. 9: Constraints in αee−αtt plane by electron EDM. Fix mη = 20GeV, |ξtt| = 0.6, and ξee = 0.3.
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The one-loop contribution induced by flavor-diagonal interaction, showed as the first
figure in Figure 7, is estimated for election as |de| ∼ (em3e/16pi2v2m2φ) ln(m2φ/m2e) ∼ 10−32e ·
cm which is negligible small. But the flavor-changing vertices should also generate CP-
violation effects. If a τ runs in this loop, the one-loop contribution for de is [98, 104, 105]
∆de = −
∑
φ
emem
2
τ |cφ,eτ |2 sin(2αφ,eτ )
16pi2v2m2φ
(
ln
(
m2φ
m2τ
)
− 3
2
)
. (88)
For |ξeτ | . 0.1, one-loop contribution |de| . 10−28e · cm thus it is negligible comparing with
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FIG. 10: Constraints in αee−αtt plane by electron EDM. Fix mη = 40GeV, |ξtt| = 0.6, and ξee = 1.
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FIG. 11: Constraints in αee − αtt plane by electron EDM. Fix mη = 40GeV, |ξtt| = 0.6, and
ξee = 0.3.
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the recent experimental sensitivity [47]. While if |ξeτ | are larger, for example, we can take
|ξeτ | ∼ O(1) 16, one-loop contribution to |de| would reach O(10−27 − 10−26)e · cm. In this
case, the allowed region would be modified a little bit. As an example, for the parameters
in Figure 8, we show the allowed region before and after adding the one-loop contribution
∆de = ±10−27e · cm in Figure 12 .
The neutron EDM contains four types of contribution [49], including quark EDM dq,
16 Which means |ξµτ | . O(10−2) according to (83).
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FIG. 12: Constraints in αee − αtt plane by electron EDM. Fix mη = 20GeV, |ξtt| = 0.6, and
ξee = 1. Yellow regions are allowed for the case without one-loop contribution. Green regions
are for one-loop contribution ∆de = +10
−27e · cm while blue regions are for one-loop contribution
∆de = −10−27e · cm.
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quark color EDM (CEDM) d˜q, Weinberg operator [106, 107] w, and strong CP term [99]
which would not be discussed in this paper. Thus [49, 100]
dn
e
' 1.4
(
dd
e
− 0.25du
e
)
+ 1.1
(
d˜d + 0.5d˜u
)
+ (22MeV)w. (89)
Ignore the CP-violation effects in flavor-changing vertices now, the EDM for u and d quarks
are just those in (87) which come from the Barr-Zee type contributions. And the CEDM
from Barr-Zee diagrams are given by [96, 100]
d˜q = −
∑
φ
2
√
2GFαsmq|cφ,tcφ,q|
(4pi)3(
sinαφ,t cosαφ,qJ1/2(mt,mφ) + cosαφ,t sinαφ,qJ ′1/2(mt,mφ)
)
(90)
where the loop functions are the same as those in (87). The contribution from Weinberg
operator is [100, 106, 107]
w =
∑
φ
√
2GFgsαs|cφ,t|2
4 · (4pi)3 sinαφ,t cosαφ,tK
(
m2t
m2φ
)
(91)
where the loop function K is listed in (B.22) in section B. Including also the running effects
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for these operators (see the appendices in [100]),
dn
e
' md(µH)
md(µW )
(
0.63
dd(µW )
e
+ 0.73d˜d(µW )
)
+
mu(µH)
mu(µW )
(
−0.16du(µW )
e
+ 0.19d˜u(µW )
)
+(8.8MeV + 0.17md(µH) + 0.08mu(µH))w(µW ). (92)
Here µH is the hadron scale and µW is the electro-weak scale, αs(µW ) ≈ 0.11 [108], and
md(µH) ≈ 4.8MeV, mu(µH) ≈ 2.3MeV [29]. dq(µW ), d˜q(µW ), and w(µW ) are all calculated
at electro-weak scale.
Numerically, we use the benchmark points the same as above. Fixing |ξuu| = |ξdd| = 1,
|ξtt| = 0.6, and αtt = 0. For mη = 20GeV and mη = 40GeV, we show the allowed regions
in αuu − αdd plane in Figure 13. There exist cancelation between different contributions as
well. From the figures, we can see αuu is almost free, and αdd is constrained in a narrow
band. For both cases, αuu = αdd = 0 is inside the allowed region, and ∆αdd ∼ 0.1. The
cancelation behavior is not sensitive to mη. It is also a strict constraint from neutron EDM,
but not so strict as that from electron EDM.
FIG. 13: Allowed region on αuu − αdd plane with constraint from neutron EDM. We fix |ξuu| =
|ξuu| = 1, |ξtt| = 0.6, and αtt = 0. The left figure is for mη = 20GeV and the right one is for
mη = 40GeV. All other benchmark points are the same as above. Yellow regions are allowed at
90% C.L.
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Next, consider the contributions from flavor-changing vertices. Strict constraints from
meson mixing (see the text in section III D) require that the contributions for dn from bdφ,
sdφ, and ucφ vertices should be less than O(10−30)e · cm, thus they can are ignorable. But
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CP-violation in tuφ vertex would give larger contribution to du and d˜u [98, 104, 105] through
the one-loop diagram as the left figure in Figure 7,
∆du
e
=
∑
φ
mu|cφ,tu|2 sin(2αφ,tu)
24pi2v2
P1
(
m2t
m2φ
)
; (93)
∆d˜u =
∑
φ
mu|cφ,tu|2 sin(2αφ,tu)
16pi2v2
P1
(
m2t
m2φ
)
. (94)
The loop function P1(x) is listed in (B.23) in section B. For |ξtu| ∼ 1, the additional
contribution to neutron EDM can reach ∆dn ∼ O(10−26− 10−25)e · cm, which would change
the cancelation behavior and shift the allowed region a little bit. In Figure 14, we show the
allowed region before and after adding the one-loop contribution ∆dn = ±10−25e · cm. The
FIG. 14: Allowed region by the constraint from neutron EDM. Benchmark points are the same
as above in Figure 13. Yellow regions are allowed for the case without one-loop contribution.
Green regions are for one-loop contribution ∆dn = +10
−25e ·cm while blue regions are for one-loop
contribution ∆dn = −10−25e · cm.
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case |∆dn| & 6 × 10−25e · cm is excluded for this benchmark points choice because enough
cancelation between different contributions cannot be generated.
H. Constraints from B Meson Rare Decays
The leptonic decay B0(s) → µ+µ− was measured by CMS and LHCb collaborations and the
results [109–111] are listed in Table IV together with their SM predictions [112, 113]. Both
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TABLE IV: Recent experimental and theoretical results for B0(s) → µ+µ− decay branching ratios.
Result Br(B0s → µ+µ−) Br(B0 → µ+µ−)
CMS (2.8+1.1−0.9)× 10−9 (4.4+2.2−1.9)× 10−10
LHCb (2.7+1.1−0.9)× 10−9 (3.3+2.4−2.1)× 10−10
Combined (2.8+0.7−0.6)× 10−9 (3.9+1.6−1.4)× 10−10
SM Prediction (3.65± 0.23)× 10−9 (1.06± 0.09)× 10−10
measurements are almost consistent with SM predictions 17, thus new physics contributions
would be limited.
The tree level contributions to B0(s) → µ+µ− is negligible [1] due to the constraints
from B meson mixing. Here we consider the charged Higgs contribution only. In this
scenario, m± ∼ v is favored as above. For |ξbb,dd,``| ∼ O(1), the modified branching ratio for
B0(s) → µ+µ− should be [114]
Br(B0(s) → µ+µ−)
BrSM(B0(s) → µ+µ−)
=
(
1− |ξtt|
2
η
Y2HDM(m2t/m2W ,m2±/m2W )
YSM(m2t/m2W )
)2
(95)
where η = 0.987 is the QCD and electro-weak correlation factor and the loop functions Yi
are listed in (B.25)-(B.26) in section B. Numerically, consider B0s → µ+µ−, both CMS and
LHCb results give
|ξtt| . (0.7− 0.8) (96)
at 95% C.L. which is near the constraint by B meson mixing in (58). For B0d → µ+µ− decay,
these regions are also allowed at 95% C.L. by both CMS and LHCb results 18.
The world averaged value for B radiative decay branching ratio reads Brave(B¯ → Xsγ) =
(3.43 ± 0.22) × 10−4 [67] which is consistent with its SM prediction BrSM(B¯ → Xsγ) =
(3.36 ± 0.23) × 10−4 [115]. In 2HDM, according to (25), a charged Higgs boson can also
run in the loop instead of W± for the radiative decay process thus the branching ratio can
be modified. In type II 2HDM, the charged Higgs mass is constrained to be larger than
17 The CMS result for Br(B0 → µ+µ−) has a deviation from SM prediction at about 2σ level. The same
thing happens to the combined result for Br(B0 → µ+µ−).
18 If considering the combined result, |ξtt| . (0.5− 0.6) is still allowed by data due to B0s → µ+µ− which is
a bit stricter than that in (58). For B0d → µ+µ−, we also need |ξtt| & (0.2− 0.3) at 95% C.L. because the
combined deviation between Br(B0 → µ+µ−) and its SM prediction is a bit larger than 2σ.
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about 410 GeV [116] 19 at 95% C.L. But in a general 2HDM, a lighter charged Higgs boson
may be allowed [1]. Different from leptonic decay, the radiative decay branching ratio is
sensitive to not only m± and ξtt, but also ξbb. For a general case, αbt ≡ arg(ξbb/ξtt) is also
a free parameter. Based on [116] and the mathematica code, we plot the constraints on
these parameters in Figure 15 and Figure 16, fixing m± = 200GeV and m± = 300GeV
respectively. From the figures, we can see for |ξtt| = 0.6, for most αbt choice, we have
FIG. 15: Constraints by Br(B¯ → Xsγ) fixing m± = 200GeV. In the left figure, we take |ξtt| = 0.6
and plot the allowed region in |ξbb| − αbt plane. In the right figure, we take αbt = 0 and plot the
allowed region in |ξbb| − |ξtt| plane. In both figures, green regions are allowed at 68% C.L. and the
yellow regions are allowed at 95% C.L.
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|ξbb| . 1; but for some αbt choice, a larger |ξbb| is also allowed. While for fixed αbt, there is
also larger allowed region in |ξbb|− |ξtt| plane. The constraint is not so strict as that for type
II 2HDM because more parameters are free, just like the case in [1].
IV. PREDICTIONS AND FUTURE TESTS FOR THIS SCENARIO
We have discussed all the constraints on the Lee model in an alternative scenario which is
weakly-coupled. As shown above, it is still not excluded by experimental results. Comparing
19 This value is different from the data in the text of [116] because the SM prediction result was updated in
[115] recently.
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FIG. 16: Constraints by Br(B¯ → Xsγ) fixing m± = 300GeV. All other sets are the same as those
in Figure 15.
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with the scenario in [1], the particle spectrum are the same. But in this scenario, all the
scalars are required to have their mass around electro-weak scale or lighter. Especially, the
lightest scalar is required to have its mass mη ∼ O(10GeV) which means new physics is
hidden in the scale lower than electro-weak scale. That’s different from the scenario in [1]
in which new physics would appear at O(TeV) or higher scale.
In this scenario, the couplings of the 125 GeV Higgs boson is SM-like, but other particles
are not decoupled thus they would face future tests at colliders. A lighter scalar can also
appear through Higgs decay channels h→ Zη, ηη which are worth to search. Different scalars
may also be produced associated with each other or with heavy quark (pair). h → Zη, ηη
rare decays would also be constrained by Higgs signal strengths which would be measured
precisely in the future. Experiments on flavor changing processes and EDM measurements
would also help to confirm or exclude this scenario indirectly.
A. Direct Searches for Extra Scalars at Future Colliders
The key prediction of this scenario (weakly-coupled Lee model) is a light particle η with its
mass of O(10GeV). It should be a CP-mixing state with pseudoscalar component dominant.
Its low mass is correlated with the smallness of CP-violation. At LHC, it certainly can be
produced through gluon fusion or bb¯ fusion with large cross section, but such a light particle
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would be hidden below the huge QCD background [13], thus it is difficult to be discovered.
At LHC with
√
s = (13 − 14)TeV, η can also be produced in associated with top quark
pair with a cross section of O(0.1)pb [117]. According to [117], at LHC with √s = 14TeV
and 3ab−1 luminosity, for mη ∼ (20 − 40)GeV, the constraint |ξtt| . (0.34 − 0.54) at 95%
C.L. would be achieved assuming no positive results. It would be stricter than all the recent
constraints obtained from indirect processes. On the other hand, for mη ∼ (30 − 40)GeV,
the benchmark case |ξtt| = 0.6 would be discovered at more than 5σ.
η can also appear as the decay final state of other scalars, such as h,H → ηη, Zη, etc.
We will study the cascade decay channels in details in the future. LHeC [118, 119] would
be a better collider in searching for the exotic Higgs decays [120]. At future e+e− colliders
[121–124], η is also possible to be discovered through Higgs rare decay processes, such as
e+e− → Zh(→ ηη). At the Higgs factories with √s ∼ (240 − 250)GeV like CEPC [123] or
TLEP [121], this process can be discovered at 5σ with 5ab−1 luminosity if Br(h → ηη) >
10−3 [123]. η can also be produced in associated with Z or h at CEPC or TLEP. With a
roughly estimation comparing with LEP results [50–52, 65] we used in section III A, using
O(102 − 103)fb−1 luminosity, the sensitivity to cη,V and chη(= cH,V ) would improve at least
an order. At e+e− colliders with
√
s > mη +mH , it is possible to produce η and H through
e+e− → ηH 20. It’s worth noting that under weak-coupling assumption, mH should be
around the electro-weak scale, and cηH = ch ∼ 1 would never be suppressed, thus this is
also a key process to confirm or exclude this scenario at future e+e− colliders.
For the heavy Higgs boson H, it is required to have a mass around v thus it is possible to
be discovered at LHC [125]. For mH ∼ (200−300)GeV, choose |ξtt| = 0.6 and cH,V = 0.3 we
take above, the cross section σ(pp→ H → ZZ) ∼ (120− 200)fb according to [126] at future
LHC with
√
s = 14TeV. It is larger than the 5σ discovery threshold (50 − 100)fb using
3ab−1 luminosity [125], thus it would be easily discovered. While if no signal evidence were
found, according to [125], the 95% C.L. limit for σ(pp → H → ZZ) would be (20 − 40)fb
for the mass region mH ∼ (200 − 300)GeV. Since the dominant production channel for H
is gluon fusion, this result means the future LHC would be able to set the constraint
|ξtt|cH,V . 0.08 (97)
at 95% C.L. if no evidence for this channel were found.
20 If mH ∼ 200GeV, Higgs factory mentioned above is also allowed for this process.
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Through the oblique parameter constraints, the charged Higgs mass is around v in this
scenario. It must face the direct searches at LHC or e+e− colliders. At LHC, it can be
produced through gb → tH− associated production [127] which was used to search for the
charged Higgs boson in [57]. For a light charged higgs with m± ∼ (200 − 300)GeV, for
|ξtt| ∼ 0.6 and |ξbb| ∼ O(1), it would be discovered at LHC with
√
s = (13 − 14)TeV and
300fb−1 luminosity; and the polarization of top quark would also be useful to test the chiral
structure in tbH− vertex [128–130]. At e+e− colliders with
√
s & 500GeV, we can discover
the charged Higgs boson through e+e− → H+H− process [131, 132]. This process would
not be suppressed as well, thus it is useful to confirm or exclude this scenario. In Table V
and Table VI we summarize the mentioned channel above which would be useful to test this
scenario in the future [117, 123, 125–133].
TABLE V: Examples for main processes which would be useful to test this scenario at future pp
collider. “*” means we will study this process in details in the future. In this table, all masses are
chosen as: mη = 40GeV, mh = 125GeV, and mH = m± = 300GeV as an example. The benchmark
points listed here for collider or model parameters are possible choices but not the only choice for
the corresponding processes.
Collider Process
√
s
(TeV)
Couplings and/or
Branching Ratios
Cross Section
(pb)
Implications
LHC pp→ tt¯η 14 |ξtt| = 0.6 0.18
Over 5σ discovery
with 3ab−1 luminosity
assuming Brη→bb¯ = 1.
LHC pp→ H(ZZ) 14 |ξtt| = 0.6
BrH→ZZ = 3%
0.12
Over 5σ discovery
with 3ab−1 luminosity.
LHC pp→ H(Zη, ηη) 14 cHη = ch,V = 0.95,
|ξtt| = 0.6,gHηη ∼ 1
4× BrH→Zη,ηη *To be studied.
LHC pp(bg)→ tH−(t¯b) 14 |ξtt| = 0.6,|ξbb| . 1
BrH−→t¯b = 1
0.6
5σ discovery with
O(102)fb−1 luminosity.
If all the three neutral scalars and their couplings to V V were discovered in the future,
the associated productions for any two scalars are important to confirm CP-violation in
Higgs sector as well. Since in a general model, if no CP-violation exists in scalar sector,
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TABLE VI: Examples for main processes which would be useful to test this scenario at future e+e−
colliders. “*” means we will study this process in details in the future. In this table, all masses are
chosen as: mη = 40GeV, mh = 125GeV, and mH = m± = 300GeV as an example. The benchmark
points listed here for collider or model parameters are possible choices but not the only choice for
the corresponding processes.
Collider Process
√
s
(TeV)
Couplings and/or
Branching Ratios
Cross Section
(pb)
Implications
CEPC e+e− → Zη 0.25 cη,V = 0.1 4.4× 10−3
*Sensitivity to cη,V
would reach O(10−2)
with 5ab−1 luminosity.
CEPC e+e− → hη 0.25 chη = cH,V = 0.3 7.3× 10−3
*Sensitivity to cH,V
would reach O(10−2)
with 5ab−1 luminosity.
CEPC e+e− → Zh(ηη) 0.25 ch,V = 0.95
Brη→bb¯ = 1
0.19× Brh→ηη
5σ discovery with
5ab−1 luminosity
if Brh→ηη > 10−3
ILC e+e− → Hη 0.5 ch,V = 0.95 1× 10−2 *To be studied.
ILC e+e− → H+H− 0.8 BrH−→t¯b = 1 1.4× 10−2
Cross section can be
measured to 9% with
1ab−1 luminosity.
all the three discovered neutral scalars should be CP-even 21 thus there would be no direct
hihjZ vertices. The e
+e− → hihj process would be loop induced in this case thus the
cross section would be highly suppressed. If the cross sections showed there exists tree level
hihjZ vertices
22, the scalars must contain different CP components thus we would be able
to confirm CP-violation in scalar sector [133] 23.
21 This case cannot appear in 2HDM, there must be additional scalar degree of freedoms, such as another
Higgs doublet.
22 For example, if the cross sections satisfied the relations in (A.15).
23 Notice this is a model-independent method to confirm CP-violation in scalar sector. But it cannot be
used to exclude CP-violation in scalar sector, because in some models, there are no direct hihjZ vertices
even CP-violation exists in scalar sector.
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B. Future Measurements on 125 GeV Higgs Boson
In this scenario, the couplings between 125 GeV Higgs boson h and SM particles should
be SM-like. Exotic decay channels h → ηη or Zη make the total width of h larger, which
would also affect other decay channels of h. In the future, LHC can measure the signal
strengths h→ γγ, ZZ∗,WW ∗, bb¯, τ+τ− to the precision (11−14)% with 300fb−1 luminosity,
and (7− 8)% with 3ab−1 luminosity [134, 135].
In this scenario, the modification of Higgs couplings to fermions or gauge bosons should be
at percent level, for some cases it can reach 10%. Under this assumption, if the future signal
strengths were all consistent with SM prediction, we perform a global-fit and estimate that
at least Γexo . (0.4−0.6)MeV (or equivalently Brexo . (10−15)%) would still be allowed in
this scenario. The direct measurements at future LHC cannot reach the sensitivity to test
the modification of Higgs signal strengths from those in SM.
At future e+e− colliders, such as the Higgs factories CEPC [123] or ILC [124, 131] with
√
s ∼ (240 − 250)GeV, to the luminosity of O(ab−1), all the channels mentioned above
together with Higgs total width can be measured to percent level or even better. For
ch,V ∼ 0.95, ∆σZh/σZh ∼ 10% which can be measured with O(0.1ab−1) luminosity. The
precision measurements on h → bb¯, τ+τ− are also helpful to distinguish this scenario from
SM. If no deviations were found, |ξbb,ττ | would be constrained to O(1). For h→ gg decay, it
is sensitive to both |ch,t| and αh,t. The exotic decays h → ηη, Zη would also be discovered
or further constrained at Higgs factory.
CP-violation is a main feather in Lee model, for example, the hff¯ couplings would
contain CP-violation. For τ lepton and top quark, the decay distribution would include its
polarization information thus it is possible to test the CP-violation effects in htt¯ and hτ+τ−
vertices [131]. At LHC with
√
s = 13TeV and 3ab−1 luminosity, using h → τ+τ− decay
mode, it is possible to measure αh,τ to the sensitivity ∆αh,τ ∼ 4◦ with the help of final
states distribution in τ decay [136]; while at e+e− collider, with
√
s = 250GeV and 1ab−1
luminosity, this sensitivity would reach ∆αh,τ ∼ 2.8◦ [137]; which are both enough to test
this scenario. For htt¯ coupling, we can use e+e− → tt¯h associated production to test αh,t
[105, 131, 138], with
√
s > 2mt +mh ∼ 470GeV.
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C. EDM for Third Generation Fermions
As mentioned above, the polarization of a τ lepton or top quark can affect on the distribu-
tion of its decay final states. With this property, it may be possible to test their anomalous
electro-weak couplings including EDM. For a heavy fermion such as τ, b, t, if one-loop con-
tribution to CP-violation (see Figure 7) exists, the Barr-Zee type contribution would be
ignorable. The one-loop contribution reads [104, 105]
df =
Qfm
3
f
16pi2v2
∑
φ
|cφ,f |2 sin(2αφ,f )
m2φ
P2
(
m2f
m2φ
)
(98)
where the loop function P2(x) is listed in (B.24) in section B.
For a τ lepton,
|dτ | . m
3
τ |ξττ |2
16pi2v2m2η
(
ln
(
m2η
m2τ
)
− 3
2
)
∼ 10−22|ξττ |2e · cm. (99)
If |ξττ | ∼ 1, it is still far away from the future sensitivity of τ EDM, around O(10−19e · cm),
given by SuperB [139, 140] with
√
s = mΥ(4S) and (50− 75)ab−1 luminosity or CEPC [123]
with
√
s = 240GeV and 5ab−1 luminosity. But for a top quark, it can be larger due to its
large mass. With the benchmark points in Table I, for |ξtt| = 0.6 and mη ∼ (20− 40)GeV,
|dt| can reach O(10−19−10−18)e · cm which would be possibly tested at future e+e− colliders
with O(ab−1) luminosity [105, 141].
D. Future Tests in Flavor Physics
At future SuperB with (50− 75)ab−1 luminosity [139, 140] and LHCb with 50fb−1 lumi-
nosity [142] experiments, for B0(s)− B¯0(s) mixing, the sensitivity to ∆B(Bs) in (52) would reach
(3− 7)× 10−2 given by [74]. With these sensitivity, if no deviations in B meson mixing were
found, it would require |ξtt| . (0.2−0.3) at 95% C.L. While the benchmark point we choose
in the text above, |ξtt| ∼ 0.6, would lead to at least a 5σ deviation from SM prediction in B
meson mixing results.
Another important indirect constraint on ξtt comes from the leptonic decay of B meson.
Future measurements on Br(B0s → µ+µ−) would reach 12% with 3ab−1 luminosity by CMS
[143] and 4% with 50fb−1 by LHCb [142]. If no deviation from SM were found, it would
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require |ξtt| . 0.4 at 95% C.L. If |ξtt| = 0.6, the LHCb result would be larger than the SM
prediction at 3σ level.
At LHC with
√
s = 13TeV and 300fb−1 luminosity, if no LFV signal were found, it would
require Br(h → µ±τ∓) < 7.7 × 10−4 at 95% C.L. [144], or equivalently |ξµτ | . (1.1 − 3.5)
which is still not strict. To 3ab−1, the upper limit for |ξµτ | would reduce to (0.6 − 2.0).
At SuperB factory with 75ab−1 luminosity, Br(τ → µγ) can be constrained to less than
2.4× 10−9 at 90% C.L., or be discovered at 3σ level if it is larger than 5.4× 10−9 [140].
According to (76) and (78) taking the benchmark points in Table I, fix |ξµτ | = |ξτµ| =
|ξττ | = 1 and ξtt = 0.6, we plot the Br(τ → µγ) distributions in αtt−αττ plane in Figure 17,
for mη = 20GeV (left) and mη = 40GeV (right). If no evidence for τ → µγ were found,
FIG. 17: Distributions of Br(τ → µγ) in αtt−αττ plane with the benchmark points in section III F.
The left figure is for mη = 20GeV and the right figure is for mη = 40GeV. In both figures,
|ξµτ | = |ξτµ| = |ξττ | = 1 and ξtt = 0.6. The green regions are for Br(τ → µγ) ≤ 2.4 × 10−9;
the yellow regions are for 2.4 × 10−9 < Br(τ → µγ) ≤ 5.4 × 10−9; the blue regions are for
5.4× 10−9 < Br(τ → µγ) ≤ 9× 10−9; and the orange regions are for Br(τ → µγ) > 9× 10−9.
-3 -2 -1 1 2 3
Αtt
-3
-2
-1
1
2
3
ΑΤΤ
-3 -2 -1 1 2 3
Αtt
-3
-2
-1
1
2
3
ΑΤΤ
the parameters would be constrained to be in green regions. While if the parameters were
in blue (orange) regions, τ → µγ would be discovered at 3(5)σ level at SuperB factory with
75ab−1 luminosity. Fixing |ξµτ | = |ξτµ| = 1 and leaving other parameters free, if no evidence
were found at SuperB, |ξττ | would be required less than 1.2 for the mη = 20GeV case or less
than 2.6 for the mη = 40GeV case.
At SuperB factory, the dominant background for τ → µγ should be e+e− → τ+τ−γ [139]
39
which would be suppressed at a collider with
√
s not far above 2mτ , such as Super tau-
charm factory [145]. At Super tau-charm factory with 10ab−1 luminosity, the sensitivity of
Br(τ → µγ) would reach around 2× 10−10 [146], which can give further constraints. Future
MEG experiments on Br(µ→ eγ) would reach the sensitivity 6× 10−14 in three years [147],
which can give stricter constraints for all the three LFV couplings ξeµ,eτ,µτ .
V. CONCLUSIONS AND DISCUSSIONS
In this paper, based on weakly-coupled spontaneous CP-violation 2HDM (named Lee
model), using the correlation between the lightest scalar and smallness of CP-violation
through small tβsξ which was proposed in our recent paper [1], we predicted that a light
CP-mixing scalar with its mass of O(10GeV) should exist. It is pseudoscalar dominant
with only about O(0.1) scalar component. In this scenario, other scalars’ masses are all
around the electro-weak scale v. It’s attractive because there should be new physics hidden
at O(10GeV) scale which is below the electro-weak scale, different from the scenario we
discussed in [1] in which the Higgs sector is strong-coupled and new physics appear at
O(TeV) or higher scale.
We discussed all experimental constraints, at both high and low energy, for two typical
lightest scalar (η) masses, mη = 20GeV (h→ Zη decay allowed) and mη = 40GeV (h→ Zη
decay forbidden). For these η masses, cη,V ∼ 0.1 is required theoretically and it is also
allowed by data. The 125 GeV Higgs boson h has SM-like couplings to fermions and gauge
bosons. With a global-fit to higgs signal strengths, branching ratio for exotic decay channels
are constrained to less than about 30%, which leads to strict constraints on hηη (and hZη
if mη < 34GeV) couplings. The constraints from oblique parameters require m± ∼ mH ∼ v
under the weak-coupling assumption. The typical benchmark points listed in Table I are
chosen according to these constraints.
In Lee model, there is no additional discrete symmetry except CP, thus there may exist
flavor-changing interactions at tree level. We adopted the Cheng-Sher ansatz to parameterize
the flavor-changing effects. High energy processes including top flavor-changing interactions
cannot give strict constraints. The most strict constraint from high energy experiments
comes from an indirect test, top quark widths limit from tt¯ pair production, which requires
|ξtc| . 1. A more strict constraint comes from D0−D¯0 mixing which requires |ξtcξtu| . 6. All
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other |ξij| in quark sector are constrained to be less than around O(10−2), through meson
mixing measurements. In lepton sector, indirect tests (especially radiative LFV decays)
require |ξµτ | . O(1), while upper limit on |ξeµ| or |ξeτξµτ | are of O(10−2). EDM tests also
favor |ξeτ,ut| . O(1). These constraints are usually stricter than those in [1] as we discussed,
that’s because in this scenario, a lighter scalar would give more significant contribution to
the flavor-changing processes.
B meson mixing and B leptonic decay processes are all sensitive to ξtt. With these data,
|ξtt| . 0.6 is favored at 95% C.L. which is the reason why in most part of the text we choose
|ξtt| = 0.6 as a benchmark point. The B radiative decay process is sensitive to both ξtt and
ξbb. With the assumption m± ∼ (200 − 300)GeV and |ξtt| = 0.6, ξbb . O(1) is allowed by
data. That is a difference between this scenario and type II 2HDM in which charged Higgs
should be heavier than around 410 GeV at 95% C.L.
The EDM constraints are also strict just like the scenario we discussed in [1]. For both
electron and neutron EDM, we need large cancelation between different contributions, as
shown in Figure 8-Figure 14. In each of the figures, the two shown parameters are constrained
in a narrow band which means a strong correlation between them.
We also discussed the future tests for this scenario. For the lightest scalar η, the dominant
ways to discover it at LHC are associated production pp → tt¯η and cascade decay pp →
h,H → ηη, Zη. While since the heaviest neutral scalar is also required to have its mass
around v, it can also be searched through Zη or V V final states. At LHeC or e+e− colliders,
the exotic decays h → ηη, Zη would be tested. Especially at Higgs factory, with O(10 −
102)fb−1 luminosity, cη,V ∼ 0.1 can be discovered at (3 − 5)σ through re-scaling the LEP
constraints. If nothing were found, constraints on cη,V would improve an order which also
implies mη ∼ O(GeV), thus this scenario is disfavored. The mass of charged Higgs boson is
predicted to be around v which is possible to be discovered at future LHC or e+e− colliders
with
√
s & 500GeV, using O(0.1−1)ab−1 luminosity. Note that the e+e− → H+H− process
cannot be suppressed with fixed m±, if nothing were found, this scenario would be excluded.
If all the three scalars are discovered and they all have direct vertices to massive gauge
boson pairs, the Z- mediated Higgs associated pair production via e+e− → hihj would be
a key observable to confirm CP-violation in scalar sector. It can be used to distinguish Lee
model and models in which the scalar sector contains more CP-even degrees of freedom but
no CP-violation.
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Indirect tests on B meson mixing and B leptonic decay can be used to test a nonzero
ξtt or give a stricter limit on |ξtt|. For the case |ξtt| = 0.6 we used in this paper, there
would appear (3− 5)σ deviations in these experiments. If nothing anomaly were found, |ξtt|
would be pushed to less than about (0.2 − 0.3). Radiative LFV decays would also confirm
a nonzero LFV vertex or push them to a smaller number, depending on the results positive
or negative.
In this attractive scenario, all new physics would appear below or at electro-weak scale
which behaves different from most models in which new physics appear at or above O(TeV)
scale. It means this scenario is testable. The roughly estimation showed it is able to discover
or exclude this scenario, especially for η who is hidden at O(10GeV) scale. It is also possible
to distinguish whether CP-violation in Higgs sector exists if all neutral scalars were found.
Thus it is worth further studying in details, especially at future e+e− colliders.
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Appendix A: Spectrum and Couplings
Expansion for the neutral scalar mass matrix
(λ4 − λ7)s2ξ −((λ4 − λ7)sβcξ + λ2cβ)sξ −((λ4 − λ7)cβcξ + λ5sβ)sξ
4λ1c
2
β + λ2s2βcξ + (λ4 − λ7)s2βc2ξ
((λ3 + λ7) + (λ4 − λ7)c2ξ/2)s2β
+λ2c
2
βcξ + λ5s
2
βcξ
(λ4 − λ7)c2βc2ξ
+λ5s2βcξ + 4λ6s
2
β

(A.1)
is m˜ = m˜0 + (tβsξ)m˜1 + (tβsξ)
2m˜2 + . . . To the first order, we have
mη = 0, mh,H =
v
2
√
(4λ1 + λ4 − λ7)∓ ((4λ1 − (λ4 − λ7))c2θ + 2λ2s2θ) (A.2)
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where θ = (1/2) arctan(2λ2/(4λ1 − λ4 + λ7)) is the mixing angle. The scalar fields
η0 = I2,
 h
H

0
=
 cθ sθ
−sθ cθ
 R1
R2
 . (A.3)
Calculation by perturbation method to the leading order of (tβsξ) gives
η = I2 − (tβsξ)
(
(m˜1)12
(m˜0)22
(cθR1 + sθR2) +
(m˜1)13
(m˜0)33
(cθR2 − sθR1)
)
− tβcξI1; (A.4)
h = cθ′R1 + sθ′R2 +
(m˜1)12
(m˜0)22
(tβsξ)I2; (A.5)
H = −sθ′R1 + cθ′R2 + (tβsξ)
(
I1 +
(m˜1)13
(m˜0)33
I2
)
; (A.6)
mη =
vtβsξ√
2
√
(m˜2)11 − (m˜1)
2
12
(m˜0)22
− (m˜1)
2
13
(m˜0)33
. (A.7)
Here
θ′ = θ +
(tβsξ)(m˜1)23
(m˜0)22 − (m˜0)33 . (A.8)
The scalar self-interactions
L = −
∑( 1
Sijk
gijkvhihjhk +
1
Sijkl
gijkhihjhkhl
)
(A.9)
where the symmetric factor S ≡ ∏(ni!) in which ni denotes the appearance time for hi in
the lagrangian. The couplings can be obtained directly from
gijk =
1
v
∂3V
∂hi∂hj∂hk
∣∣∣∣
all hi=0
, gijkl =
∂4V
∂hi∂hj∂hk∂hl
∣∣∣∣
all hi=0
. (A.10)
As an example, the hηη vertex is given by
ghηη =
∂3V
∂h∂η2
= (λ3 + λ7)cθ′ +
1
2
λ5sθ′ − tβcξ
2
(λ2cθ′ + (λ4 − λ7)sθ′). (A.11)
For mη < mh/2, The strict constraints from h→ ηη rare decay showed that
λ3 + λ7 +
λ5tθ′
2
' tβcξ
2
(λ2 + (λ4 − λ7)tθ′) (A.12)
which means (m˜1)12 ∼ O(β) is ignorable in the formula above.
For the hiV V and hihjZ couplings, the effective interaction should be written as
LhiV V = ci,V hi
(
2m2W
v
W+µW−µ +
m2Z
v
ZµZµ
)
; (A.13)
LhihjZ =
cijg
2cW
Zµ (hi∂µhj − hj∂µhi) . (A.14)
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With a straightforward calculation, we have
cη,V = chH , ch,V = cHη, cH,V = cηh (A.15)
thus
∑
c2i,V =
∑
c2ij = 1. In this scenario, to the leading order of tβsξ,
cη,V = tβsξ
(
1 + sθ
(m˜1)13
(m˜0)33
− cθ (m˜1)12
(m˜0)22
)
; (A.16)
ch,V = cθ′ + tβcξsθ′ ; (A.17)
cH,V = −sθ′ + tβcξcθ′ . (A.18)
For the case mη < mh−mZ , strict constraints from h→ Zη rare decay showed that cH,V  1
thus tθ′ ' tβcξ.
The Yukawa interactions
LY = −
∑
φ
(∑
f
cφ,fmf
v
f¯LfRφ+
∑
i 6=j
cφ,ij
√
mimj
v
f¯LifRjφ
)
+ h.c. (A.19)
where φ denotes any scalar and f denotes any fermion. The factors for diagonal terms can
be generated directly as
cη,f = ±iξff
(
1 + tβsξ
(
(m˜1)12
(m˜0)22
cθ′ − (m˜1)13
(m˜0)33
sθ′
))
+tβsξ
(
1− cθ′
(
ξff
(m˜1)12
(m˜0)22
+
(m˜1)13
(m˜0)33
)
− sθ′
(
ξff
(m˜1)12
(m˜0)22
− (m˜1)13
(m˜0)33
))
; (A.20)
ch,f = cθ′ + ξffsθ′ + tβcξ(sθ′ − ξffcθ′)± itβsξξff
(
(m˜1)12
(m˜0)22
− cθ′
)
; (A.21)
cH,f = −sθ′ + ξffcθ′ + tβcξ(cθ′ + ξffsθ′)± itβsξξff
(
(m˜1)13
(m˜0)33
+ sθ′
)
. (A.22)
While the factors for off-diagonal term are
cη,ij = ±iξij
(
1 + tβsξ
(
(m˜1)12
(m˜0)22
cθ′ − (m˜1)13
(m˜0)33
sθ′
))
−tβsξξij
(
cθ′
(m˜1)13
(m˜0)33
+ sθ′
(m˜1)12
(m˜0)22
)
; (A.23)
ch,ij = ξij
(
sθ′ − tβcξcθ′ ± itβsξ
(
(m˜1)12
(m˜0)22
− cθ′
))
; (A.24)
cH,ij = ξij
(
cθ′ + tβcξsθ′ ± itβsξ
(
(m˜1)13
(m˜0)33
+ sθ′
))
. (A.25)
In each of the six formula, when “±” appears, “+” stands for down type fermions and “−”
stands for up type fermions.
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Appendix B: Useful Analytical Loop Integrations
The loop integration functions for h→ γγ(gg) decay width in (40) and (41) are
A0(x) = x− f(x)
x2
, (B.1)
A1/2(x) = −x+ (x− 1)f(x)
x2
, (B.2)
B1/2(x) = −2f(x)
x
, (B.3)
A1(x) = 2x
2 + 3x+ 3(2x− 1)f(x)
x2
(B.4)
where
f(x) =
 arcsin
2(
√
x), (for x ≤ 1);
−1
4
(
ln 1+
√
1−x−1
1−√1−x−1 − ipi
)
, (for x > 1).
(B.5)
The difference between A1/2 and B1/2 comes from the different tensor structures for the
scalar and pseudoscalar components.
The loop integration functions for oblique parameters in (50) and (51) are
F (x, y) =
x+ y
2
− xy
x− y ln
(
x
y
)
; (B.6)
G(x, y) = −16
3
+ 5(x+ y)− 2(x− y)2 + 3
(
x2 + y2
x− y + y
2 − x2 + (x− y)
3
3
)
ln
(
x
y
)
+(1− 2(x+ y) + (x− y)2)f(x+ y − 1, 1− 2(x+ y) + (x− y)2); (B.7)
H(x) = −79
3
+ 9x− 2x2 +
(
−10 + 18x− 6x2 + x3 − 9x+ 1
x− 1
)
lnx
+(12− 4x+ x2)f(x, x2 − 4x); (B.8)
where
f(x, y) =

√
y ln
∣∣∣x−√yx+√y ∣∣∣ , y ≥ 0;
2
√−y arctan
(√−y
x
)
, y < 0.
(B.9)
The loop integration functions for meson mixing in (55) and (57) are
F0(x) = x(1− x
2 + 2x lnx)
(1− x)3 ; (B.10)
F1(x, y, z) = 2y
1− z
(
(z − 4) ln y
(1− y)2 +
3z lnx
(1− x)2 −
(1− z)(4− x)
(1− y)(1− x)
)
; (B.11)
F2(x) = 1 + 9
1− x −
6
(1− x)2 −
6x2 lnx
(1− x)3 . (B.12)
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The loop integration functions for two-loop radiative LFV τ decay in (74) are
f(z) =
z
2
∫ 1
0
dx
1− 2x(1− x)
x(1− x)− z ln
(
x(1− x)
z
)
; (B.13)
g(z) =
z
2
∫ 1
0
dx
1
x(1− x)− z ln
(
x(1− x)
z
)
; (B.14)
h(z) = −z
2
∫ 1
0
dx
1
x(1− x)− z
(
1− z
x(1− x)− z ln
(
x(1− x)
z
))
. (B.15)
For z < 1/4, the integrations are defined as their Cauchy principle value.
The loop integration functions for two-loop Barr-Zee type contribution in calculating the
EDM for a fermion f in (87) are
J0(m±,mφ) = v
2
2m2φ
(
I
(
m2±
m2φ
)
− I ′
(
m2±
m2φ
))
; (B.16)
J1/2(mt,mφ) = m
2
t
m2φ
I
(
m2t
m2φ
)
; (B.17)
J ′1/2(mt,mφ) =
m2t
m2φ
I ′
(
m2t
m2φ
)
; (B.18)
J1(mW ,mφ) = m
2
W
m2φ
((
5− m
2
φ
2m2W
)
I
(
m2W
m2φ
)
+
(
3 +
m2φ
2m2W
)
I ′
(
m2W
m2φ
))
; (B.19)
where
I(z) =
∫ 1
0
dx
1
x(1− x)− z ln
(
x(1− x)
z
)
; (B.20)
I ′(z) =
∫ 1
0
dx
1− 2x(1− x)
x(1− x)− z ln
(
x(1− x)
z
)
. (B.21)
For z < 1/4, the integrations are defined as their Cauchy principle value as above. The loop
function for Weinberg operator in (91) is
K(x) = 4x2
∫ 1
0
du
∫ 1
0
dv
(uv)3(1− v)
(xv(1− uv) + (1− u)(1− v))2 . (B.22)
The loop functions for one-loop contribution to fermion EDM in (93)-(94) and (98) are
P1(x) = x
(x− 1)2
(
x− 3
2
+
lnx
x− 1
)
; (B.23)
P2(x) =
∫ 1
0
dz
z2
1− z + xz2 . (B.24)
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The loop integration functions for B meson leptonic decays in (95) are
YSM(x) = x
8
(
x− 4
x− 1 +
3x lnx
(x− 1)2
)
; (B.25)
Y2HDM(x) = x
2
8
(
1
y − x +
y
(y − x)2 ln
(
x
y
))
. (B.26)
Appendix C: Formalism for Meson Mixing
Begin with the Schro¨dinger equation
i
∂
∂t
|ψ〉 = H|ψ〉 =
(
m− i
2
Γ
)
|ψ〉 (C.1)
where |ψ〉 = (|M0〉, |M¯0〉)T with normalization condition 〈M0|M0〉 = 〈M¯0|M¯0〉 = 2mM in
position space, and m, Γ are 2× 2 matrixes. The hamiltonian can be written as
H = H0 +H∆F=1 +H∆F=2. (C.2)
The matrix element(
m− i
2
Γ
)
ij
= mMδij +
1
2mM
〈ψi|H∆F=2|ψj〉+ 1
2mM
∫
dΠf
〈ψi|H∆F=1|f〉〈f |H∆F=1|ψj〉
mM − Ef + i
(C.3)
where the states |ψi,j〉 mean |M0〉 or |M¯0〉, and |f〉 denotes a mediated state. The second
and third terms correspond to short- and long-distance contributions respectively, and from
the third term,
Γij =
1
2mM
∫
dΠf〈ψi|H∆F=1|f〉〈f |H∆F=1|ψj〉2piδ(Ef −mM). (C.4)
The masses and widths for the mass eigenstates are
mH(L) = mM ± Re
(√(
m12 − i
2
Γ12
)(
m∗12 −
i
2
Γ∗12
))
; (C.5)
ΓH(L) = ΓM ∓ Im
(√(
m12 − i
2
Γ12
)(
m∗12 −
i
2
Γ∗12
))
; (C.6)
where H (L) denotes the heavy (light) mass eigenstate
|MH(L)〉 = p|M0〉 ∓ q|M¯0〉. (C.7)
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p and q are determined through
|p|2 + |q|2 = 1, and
(
p
q
)2
=
m12 − iΓ12/2
m∗12 − iΓ∗12/2
. (C.8)
In K0 − K¯0 system, m12 is almost real and Γ12 ∼ m12, thus ∆mK ≈ 2Rem12; while in
B0(s) − B¯0(s) system, |Γ12|  |m12|, thus ∆mB ≈ 2|m12|.
Transform to momentum space, take H as the hamiltonian density and change the nor-
malization condition to 〈M0|M0〉 = 〈M¯0|M¯0〉 = 2mMδ(3)(p). With the matrix elements
〈0|f¯iγµγ5fj|M0(p)〉 = −ifMpµ, 〈0|f¯iγ5fj|M0(p)〉 = i m
2
MfM
mi +mj
; (C.9)
the useful ∆F = 2 matrix elements
〈M¯0|f¯LiγµfLj f¯LiγµfLj|M0〉 = 〈M¯0|f¯RiγµfRj f¯RiγµfRj|M0〉 = 2
3
f 2Mm
2
M ; (C.10)
〈M¯0|f¯LiγµfLj f¯RiγµfRj|M0〉 = −5
6
f 2Mm
2
M ; (C.11)
〈M¯0|f¯LifRj f¯LifRj|M0〉 = 〈M¯0|f¯RifLj f¯RifLj|M0〉 = − 5
12
f 2Mm
2
M ; (C.12)
〈M¯0|f¯LifRj f¯RifLj|M0〉 = 7
12
f 2Mm
2
M ; (C.13)
where the bag parameters are all taken as 1 for simplify.
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